Productions of It I and Idl in various intervocalic contexts by four native speakers of American English were examined. Closure duration was measured from the acoustic signal and from dynamic palatography data. Place of contact was observed from the palatographic signal, and formant frequency measurements in the closure interval were made.
INTRODUCTION
Dynamic palatography provides an excellent means to observe tongue-palate contact.
This technique is more direct than computing area functions or relying on articulatory introspection. On the other hand, dynamic palatography is less widely available than area function algorithms or introspective data.
Dynamic palatography is, thus, of interest both in making direct measurement and in providing a reliability measure for analyses that can be carried out with a wider range of subjects and conditions. The latter is the subject of the present report.
Both closure duration (duration of tongue-palate contact here) and place of constriction are important in the classification of speech sounds. Closure durations can distinguish flap from stop articulations (see, e.g., Port, 1976;  +Now at Massachusetts Institute of Technology, Cambridge, Mass.
Zue & Laferriere, 1979) , voiced stops from voiceless stops (see Lisker, 1957) , and fricatives from affricates (see Dorman, Raphael, & Liberman, 1979) . Place of articulation is built more directly into our classification system: Consonants are classified as labial, palatal, or velar depending on where the tongue makes contact with the palate.
The arti ficial palates used permit analysis of articulations from just behind the front teeth to just before the soft palate.
Thus, the method is best suited for articulations in the alveolar to the palatal region. Place resolution is to within about 4.5 mm; time resolution is to within 16 msec.
METHOD Subjects
The study employed four talkers (TB, FB, LL, LR), all native speakers of American English. FB is female; the others are male. FB and TB are practiced talkers with the artificial palate; LL and LR used their artificial palates for the first time in this experiment.
Stimulus Materials
The stimulus times (shown in Figure 1 ) were read from a randomized list. This list includes items in which [tJ, [dJ, and flap [~J occur in intervocalic position. Other items appeared in the list but will not be discussed here. The items are grouped by stress environment and by likelihood of occurrence of flap rather than stop articulations. Flaps can be defined articulatorily by the quick gesture of the tongue tip in the direction of the alveolar ridge associated with them. In American English, flaps typically occur in "latter" and "ladder," but not in "adorn" or "atone." In some contexts, flaps may alternate with stops. These items, therefore, occur twice in the list; they are distinguished by parentheses. Each talker produced six examples of each item.
Measurement Procedures
The artificial palate used in dynamic palatography is about 1.5 mm thick and fits over the hard palate of the talker. It is embedded with 63 gold electrodes configured as in Figures 2a and 2b . Sampling occurs every 15.6 msec. These data can be stored and played back for a frame-by-frame analysis by means of the RION Model DP-01 electropalatograph. The electrodes are about 4 to 5 mm apart, depending on the size of the talker's palate (4.5 mm is used as an estimate here).
Measurements related to closure duration and place of contact were made both acoustically and palatographically.
For the purposes of this study, duration and place of closure were defined as follows. Complete closure was defined oy contact with at least one electrode in 10 of the 11 columns labeled in Figure 2a . The definition of completeness of closure was flexible since the 15.6 msec sampling interval of the palatograph was somewhat long relative to flap durations (see, e.g., Fisher & Hirsh, 1976; Lisker & Price, 1979; Port, 1976; Zue & Laferriere, 1979) , and since the electrodes are tuned as a group ra~her than individually. Closure duration as measured from the palate, then, was the number of frames of complete closure (as defined above) multiplied by the 15.6 msec frame duration. Closure duration was measured in the acoustic domain by demarcating visually the amplitude dip in the waveform and F1 excitation in the spectral analysis. Place of contact was measured from the palate by taking the mean of the front-most and rear~most rows touched, where "rows" are defined as in Figure 2b . In order to estimate place of contact from the acoustic analysis, frequency measurements of the second, third, and fourth formants were made from spectral cross-sections taken at the end of the acoustically defined closure interval neighboring the stressed vowel.
RESULTS

Duration of Contact
Figure 3 plots the duration measurements made from the palatograph as a function of those made from the acoustic analysis.
For items that were pronounced with flaps in all six productions by a given talker or with stops in all six productions, each point represents an average over those six productions by each talker. For items in which flaps alternated with stops in a given lexical item, two points occur, one for the flap articulations and one for the stops. In these cases, the points represent averages over fewer than six productions. The dashed straight line indicates where all points would fall if the two measurements were in perfect agreement.
The triangles in Figure 3 represent the set of tokens judged auditorily to have been produced with a glottal attack on the second vowel. All of these ,-tokens occurred in the V-V environment.
It is reasonable that acoustic analyses should yield longer closure duration measurements than the palatographic measurements since the low amplitude of the waveform and the lack of strong F1 may result either from closure of the upper vocal tract or from glottal control. The perceptual salience of the glottal attack indicates that the glottis is involved. This figure indicates that some of the flaps may be "glottalized"; note the group of circles with waveform durations of 20 to 40 msec and palate durations of 0 to 20 msec.
Very short durations are problematic since the palatograph samples only every 15.6 msec. The averaging over six tokens should, however, moderate this limitation, and, further, some of the differences in the two measurements are larger than the expected maximum difference of about 15 msec. What is more, the amplitude dip in these tokens is somewhat greater than would be expected if upper vocal tract closure were the only mechanism responsible. Thus, it is likely that at least some flaps produced by these talkers involve some glottal control.
There is some indication that the artificial palate may interfere somewhat with articulation (see Hamlet & Stone, 1978) . Thus, some caution must be used in interpreting data collected palatographically:
Items that sound unnatural may be made with articulations representing more usual habits, while those that sound natural may be made with articulations that reflect adaptive strategies. That the palates used are only 1.5 mm thick minimized but did not eliminate this problem.
However, the primary purpose of the present experiment is to map out' some acoustic correlates of certain articulations, and for these purposes the limitation is not so crucial as it would be if naturalness were required. In sum, though one must be aware of the limitations of the method, it is possible to make fairly good closure duration estimates from acoustic anal yses. This method accounts for 59% of the variance. Further, if the tokens that are perceived as strongly glottalized are removed, 88% of the variance is accounted for.
DURATION OF CLOSURE
Place of Contact
The characterization of retroflex sounds by lowering of the third and fourth formants has been noted (Fant, 1973; Ladefoged, 1975) . That American English flap has not typically been described as retroflexed may be due more to its phonological role (its alternates with [t] and Cd]) than to its perceptual or acoustic qualities. Similarities of American English flap with sounds that are described as retroflex have been pointed out (see Monnot & Freeman, 1972 , for a comparison with Spanish single-tap Ir/; see Mori, 1929 , for a comparison with Japanese flap Ir/; see Price, 1981 , for a more general discussion). Since the flap productions collected for the present study were acoustically similar to the descriptions in the above-mentioned Ladefoged and Fant references, and since there was corroboration of at least a more posterior place of contact than for [t] or [d] , it seemed reasonable to measure F3 and F4 as a potential measure of degree of retroflexion.
The glottalized tokens were omitted in this analysis, since the place of contact and the point at which F3 and F4 measurements were taken do not line up temporally. The stop articulations ([t] or Cd]) were also omitted, since the first electrode of the palate was not front enough to measure place of contact accurately: recall that the technique involved the average of frontmost and rear-most contact, and stops are produced with a wide area of contact that spreads to the teeth where no electrodes are located.
The analysis, thus, concerns the set of all flap articulations. Figure 4 shows the palatographic place measurements plotted as a function of the third and fourth formant frequency measurements for the practiced talkers (FB and TB). Both F3 and F4 for both talkers correlate rather well with place of articulation as measured from the palatograph: 72-74% of the variance is accounted for in each case. F3 was selected for future measurements, however, since it is easier to track and measure than F4.
These data show that reasonable place estimates can be made for a given talker based on formant frequency measurements. Is it possible, though, to make comparisons across talkers? Absolute frqeuency will not do, for example, since an F3 measurement in the 2000 to 2500 Hz range represents the front-most articulation for talker TB; the rear-most for talker FB. Multiplying these frequency measurements by any constant that represents a given talker's formant frequency range might make normalization possible. Mean F2 was used here and appears to have worked fairly well. .. coefficients are somewhat higher for the individuals than for the entire group. Yet the group coefficient of -.78 (accounting for 61% of the variance) shows that fairly accurate place estimates can be made from acoustic analysis.
CONCLUSIONS
Subject to the limitations already mentioned, measurements in the acoustic domain can be used to infer both place and duration of tongue-palate contact.
